cAMP-dependent protein kinase (PKA) regulates a myriad of functions in the heart, including cardiac contractility, myocardial metabolism, and gene expression. However, a molecular integrator of the PKA response in the heart is unknown. Here, we show that the PKA adaptor A-kinase interacting protein 1 (AKIP1) is up-regulated in cardiac myocytes in response to oxidant stress. Mice with cardiac gene transfer of AKIP1 have enhanced protection to ischemic stress. We hypothesized that this adaptation to stress was mitochondrialdependent. AKIP1 interacted with the mitochondrial localized apoptosis inducing factor (AIF) under both normal and oxidant stress. When cardiac myocytes or whole hearts are exposed to oxidant and ischemic stress, levels of both AKIP1 and AIF were enhanced. AKIP1 is preferentially localized to interfibrillary mitochondria and up-regulated in this cardiac mitochondrial subpopulation on ischemic injury. Mitochondria isolated from AKIP1 genetransferred hearts showed increased mitochondrial localization of AKIP1, decreased reactive oxygen species generation, enhanced calcium tolerance, decreased mitochondrial cytochrome C release, and enhance phosphorylation of mitochondrial PKA substrates on ischemic stress. These observations highlight AKIP1 as a critical molecular regulator and a therapeutic control point for stress adaptation in the heart. ischemia/reperfusion | oxidative stress
cAMP-dependent protein kinase (PKA) regulates a myriad of functions in the heart, including cardiac contractility, myocardial metabolism, and gene expression. However, a molecular integrator of the PKA response in the heart is unknown. Here, we show that the PKA adaptor A-kinase interacting protein 1 (AKIP1) is up-regulated in cardiac myocytes in response to oxidant stress. Mice with cardiac gene transfer of AKIP1 have enhanced protection to ischemic stress. We hypothesized that this adaptation to stress was mitochondrialdependent. AKIP1 interacted with the mitochondrial localized apoptosis inducing factor (AIF) under both normal and oxidant stress. When cardiac myocytes or whole hearts are exposed to oxidant and ischemic stress, levels of both AKIP1 and AIF were enhanced. AKIP1 is preferentially localized to interfibrillary mitochondria and up-regulated in this cardiac mitochondrial subpopulation on ischemic injury. Mitochondria isolated from AKIP1 genetransferred hearts showed increased mitochondrial localization of AKIP1, decreased reactive oxygen species generation, enhanced calcium tolerance, decreased mitochondrial cytochrome C release, and enhance phosphorylation of mitochondrial PKA substrates on ischemic stress. These observations highlight AKIP1 as a critical molecular regulator and a therapeutic control point for stress adaptation in the heart. ischemia/reperfusion | oxidative stress C ardiovascular disease remains a major cause of morbidity and mortality in the United States. There is limited insight into the key molecular mechanisms that regulate the physiological and pathological signals in the heart. Ischemic stress causes damage to the heart, resulting in myocardial infarction, heart failure, and ischemic heart disease. One way that the heart adapts to ischemia/reperfusion (I/R) injury is through an innate protective mechanism termed ischemic preconditioning. This preconditioning occurs when the myocardium is exposed to brief ischemia, resulting in protection from subsequent prolonged ischemia (1) . Autophagy, apoptosis, and necrosis are important cellular mechanisms that mediate this stress-induced damage control (2) (3) (4) (5) . Despite considerable data describing the signaling events leading to cardiac protection, clinical translation is limited for ischemic heart disease.
Cardiac myocytes are terminally differentiated, and processes that control cell death and survival in myocytes are tightly regulated. cAMP-dependent protein kinase (PKA) has distinct, albeit dichotomous, roles in the heart, wherein it can lead to either cell survival or death (6) (7) (8) . It is an inactive tetrameric holoenzyme composed of two catalytic (PKAc) and two regulatory subunits that dissociate on cAMP binding, allowing PKAc to activate downstream signaling events. PKA has been linked to a number of cardiac pathologies, such as ischemic heart disease, dilated cardiomyopathy, and heart failure (9-11). However, the key molecular switch for regulating diverse PKA signaling is not known.
A kinase interacting protein (AKIP1/BCA3), a PKAc adaptor, was first discovered in mRNA screens of breast and prostate cancer cell lines (12) . AKIP1 was found through a yeast two-hybrid screen as a protein of unknown function that interacted with the N-terminal 30 residues of PKAc (13) . In humans, there are three splice variants, the full-length protein (AKIP1a), one that lacks the third exon (AKIP1b), and one that lacks the third and fifth exons (AKIP1c). In contrast, only the full-length protein is present in rodents (14) . The literature is quite limited on both the biochemical and biological roles of AKIP1. AKIP1 has been shown to scaffold NF-κB in a PKA phosphorylation-dependent manner and regulate transcription. This regulation is dependent on the splice variants of AKIP1. AKIP1b was shown to recruit the histone deacetylase silent mating type information regulation 2 homolog (SIRT1) in a NEDDylation (NEDD8, neural precursor cell expressed, developmentally down-regulated 8-mediated)-dependent manner and repress transcription (15). In contrast, AKIP1a was shown to recruit NF-κB in a PKA-dependent manner and enhance transcription (16) .
Although the AKIP1 gene was shown to be up-regulated in heart failure (17) , its functional importance in the heart is unknown. Because AKIP1 interacts with PKAc, we hypothesized that AKIP1 is a putative molecular integrator regulating myocyte death and survival. In this paper, we describe AKIP1 as an early-
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response protein triggered by oxidative stress. We show that AKIP1 is induced by oxidant stress in cardiac myocytes. Gene therapy to increase cardiac AKIP1 led to increased PKA signaling, improved cardiac function, and enhanced mitochondrial protection on ischemic stress. We also show a stress response interaction of AKIP1 with the mitochondria protein apoptosisinducing factor (AIF). Such data suggest the potential of AKIP1 as a therapeutic target to modulate mitochondrial function in adaptation to cardiac stress.
Results

AKIP1
Is Expressed in the Heart and Elevated on Oxidant Stress.
Previous studies from our laboratory and other groups show that AKIP1 is present in a number of cell lines and tissues (12, 13) . Although AKIP1 was initially found to be elevated in breast and prostate cancer cell lines, our studies show that there is an extremely low amount of this protein in cultured cells lines such as HeLa, MDA-MB231, and HEK 293 ( Fig. 1 A and B) . We had to resort to the use of femto-maximum sensitivity substrate to detect AKIP1 in these cell lines. Even then, we were able to detect only AKIP1b isoform (Fig. S1 ). The only cell line that had detectable levels of the protein was DU145; however, here, we see considerable degradation of endogenous AKIP1 (Fig. 1B) . Because there is a significant amount of AKIP1 mRNA in mouse hearts, we then did Western blot analysis of isolated adult rat ventricular myocytes (ARVMs) and found the presence of intact AKIP1 (Fig.  1C) . In cardiac tissues, oxidative stress plays a pivotal role in both in myocardial energetics and end-stage heart failure (18, 19) . Treatment of neonatal rat ventricular myocytes (NRVMs) with hydrogen peroxide (H 2 O 2 ) increased the level of AKIP1 within 15 min (Fig. 1D) . Because this treatment was to mimic oxidant stress, we then determined the effect of hypoxia and hypoxia/reoxygenation (H/R; as additional models of simulated in vitro ischemic stress) on AKIP1 expression. When ARVMs were exposed to hypoxia with and without reoxygenation, AKIP1 expression was elevated within 15 min of hypoxia and sustained on oxidant stress for up to 60 min of reoxygenation. During reoxygenation, there was cellular activation of hypoxia-inducible factor 1, alpha subunit (basic helix-loop-helix transcription factor) (HIF1α) with no change in PKA (Fig. 1E) . We had identified AKIP1 as a PKA binding protein important in the retention and activity of PKA signaling (13, 20) , and PKA is thought to be essential in hypoxia and H/R (21) . In ARVMs exposed to hypoxia and H/R, as expected, there was enhanced colocalization between AKIP1 and PKAc (Fig. 1F) .
AKIP1 Overexpression Protects the Heart from I/R Injury. To further define the role of AKIP1 in the heart, we designed tetracycline (TET) -off adenoviral expression systems to overexpress AKIP1 (Ad-AKIP1). In ARVMs, there was robust expression of AKIP1 with the TET-off regulated adenovirus ( Fig. 2A) . To confirm that there was no change in localization on viral transduction, immunofluorescence of Ad-AKIP1 and Ad-Empty vector was carried out (Fig. 2B ). The efficacy of these viruses at the organ level was tested by performing indirect intracoronary gene transfer of the TET-off AKIP1 adenovirus followed by 7 d of in vivo incubation, after which hearts were excised and recovery of cardiac function after I/R injury was assessed in Langendorff-perfused hearts. After 25 min of global no-flow ischemia and 45 min of reperfusion, developed pressure, end diastolic pressure, and Neonatal rat cardiac myocytes exposed to hydrogen peroxide (100 μM) showed up-regulation of AKIP1 expression on stress. (E) ARVMs were subjected to hypoxia for the times indicated, and reoxygenation was performed after 30 min hypoxia. AKIP1 expression increased during both hypoxia and H/R; HIF1α levels increased during reoxygenation, whereas PKA levels remained unchanged. (C-G) Mice were gene-transferred by indirect intracoronary injection with 1 × 10 9 viral particles of TET-off Ad-AKIP1 and allowed to recover for 7 d. On the seventh day, hearts were excised and perfused on a Langendorff apparatus to determine tolerance to I/R injury. Hearts were subjected to 25 min of global noflow ischemia, and functional recovery was measured up to 45 min of reperfusion. Developed pressure (C), end diastolic pressure (D), and ± dP/dt (E and F)
were improved with AKIP1 overexpression. This functional improvement was confirmed by measuring LDH levels in effluent at various times of reperfusion.
(G) LDH release was significantly reduced with AKIP1 overexpression (*P < 0.05.); n = 8-9 per group for all studies.
parameters were measured. AKIP1 overexpression augmented recovery of cardiac function as shown by increased developed pressure ( Fig. 2C ), decreased diastolic dysfunction ( Fig. 2D ), increased inotropic state (force of muscle contraction) (Fig. 2E) , and increased Lusitropic state (myocardial relaxation) (Fig. 2F ). This protective effect at the functional level was further confirmed by measuring lactate dehydrogenase (LDH; an enzyme that is released from necrotic cardiac myocytes) release in the effluent, where AKIP1 overexpressing hearts had a significantly reduced LDH level throughout 45 min of reperfusion (Fig. 2G ).
AKIP1 Is Localized at the Mitochondria and Interacts with AIF. Protection from ischemic injury in the heart has been directly linked to altered mitochondrial function (22, 23) . Therefore, we determined whether endogenous AKIP1 was localized to the mitochondria in resting hearts. Previously, we had reported AKIP1 as a nuclear protein (13) . Mitochondrial and nuclear fractions were isolated from WT rat hearts, and AKIP1 was present in both the organelles (Fig. 3A) . Nuclear contamination of the mitochondria was assessed using p84. Because mitochondria are associated with endoplasmic reticulum (ER) (24) , additional rounds of purification were performed to reduce ER contamination (indicated by the reduced levels of Calreticulin). There was enrichment of AKIP1 at the mitochondria (Fig. 3B ). To validate these findings, ARVMs were stained for AKIP1, cytochrome C (mitochondrial marker), and poly(ADP-ribose) polymerase 1 (PARP1) (nuclear marker). At the basal level, AKIP1 was present at both the mitochondria and the nucleus (Fig. 3C ). Protein-protein interactions are one of the mechanisms to glean insight into the function. MS was, therefore, used to determine AKIP1-interacting proteins. GST isoforms of AKIP1 were used in pull-down experiments, and the bands that were unique among each other and from the GST controls as indicated by the arrow (Fig. 3D ) were analyzed using nanoliquid chromatography tandem MS. The peptides were identified as Programmed Cell death protein 8/AIF (Table 1) and heat shock protein 70 (Hsp-70) (Table S1 ). These interactions were confirmed by Western blot analysis (Fig. 3E ). AIF is a dual specific protein that functions at the mitochondria as an FADdependent NADH oxidase, and on apoptosis, it translocates to the nucleus to bring about cell death (25) . AIF interacted mainly with AKIP1a (the isoform present in both humans and rodents), whereas Hsp-70 interacted with all three AKIP1 isoforms. Because there is only 70% homology between the mouse and human AKIP1a, we also verified the interaction with AIF using GST mouse AKIP1 (Fig. S2 ). We failed to show the interaction of the endogenous AKIP1 with AIF by coimmunoprecipitation, because endogenous AKIP1 was highly susceptible to proteolytic degradation, even in the presence of protease inhibitors.
Oxidant and Hypoxic Stress Did Not Affect Binding of AIF to AKIP1 in
Vitro. Reactive oxygen species (ROS) are known to be mediators of intracellular signaling pathways through protein-protein interactions. Because AKIP1 was protective to the heart, we addressed the question of whether AKIP1 could interact with AIF on oxidant stress. HEK 293 cells were transfected with GST-AKIP1 and streptavidin binding protein-tagged AIF and treated with H 2 0 2 for the times indicated followed by streptavidin pull down. The results showed that AKIP1 interacted with AIF for up to 30 min of treatment (Fig. 4A) . In cardiac cells, under high oxidant stress, AIF has been shown to translocate from the mitochondria to the nucleus to induce cell death in a caspase-independent manner (26) . However, little is known about AIF under mild and short duration of ROS generation. Because AKIP1 levels increase under these conditions, the effect on the colocalization with AIF was monitored by indirect immunofluorescence. Under basal conditions, there was weak fluorescence staining and little colocalization between AKIP1 and AIF. However, there was increased colocalization in ARVMs within 15 min of H 2 O 2 treatment that was sustained for up to 45 min of treatment (Fig. 4B) . To dissect the effects of oxidant stress on AIF, hypoxia and H/R were induced in the isolated ARVM cells. There was enhanced AIF expression on oxidant stress that correlated with the increased AKIP1 expression (Fig. 4C ). This observation was confirmed by immunofluorescence, wherein there was enhanced colocalization between AKIP1 and AIF on hypoxia as well as H/R (Fig. 4D ).
In Vivo I/R Stress-Induced AKIP1 Expression in Interfibrillary Mitochondria.
To further validate AKIP1 induction in vivo, mice were subjected to 30 min ischemia followed by 2 h reperfusion. This in vivo I/R stress caused increased levels of both AKIP1 and AIF with no change in PKA (Fig. 5A ). Because AKIP1 was present both at the nucleus and the mitochondria and induced on stress, we wanted to establish whether the increase was because of changes in localization. Hearts from control and I/R-exposed mice were fractionated into cytosol, membrane/mitochondria, nuclear, and nuclear/ cytoskeleton fractions, with purity determined by appropriate markers. Under ischemic stress, there was an increase in the level of AKIP1 in both the membrane and the nuclear/cytoskeletal fractions, although there seemed to be no change in localization (Fig.  5B ). In the heart, there are two distinct subpopulations of mitochondria, interfibrillary (IFM) and subsarcrolemmal (SSM), and studies show that IFM and SSM have differential response to metabolic stress (27, 28) . These two subpopulations were isolated from WT hearts, and mitochondrial function and AKIP localization were assessed. IFM showed increased state 4 [without ADP and with malate/pyruvate (complex 1)], state 3 [with ADP and with succinate (complex II)], and complex IV respiration relative to SSM (Fig. 5C ). AKIP1 was present in both the fractions, although it was more abundant in the IFM as normalized against a mitochondrial matrix protein, GRP-75 (Fig. 5D ). We went onto determine if, under stress, when AKIP1 is up-regulated, it preferentially compartments into a specific mitochondrial subpopulation. IFM isolated from hearts that underwent I/R (25-min ischemia and 10-min reperfusion) had increased expression of AKIP1 (Fig.   5E ), whereas SSM showed no change (data not shown). Ischemic stress results in both hypoxia and substrate/glucose deprivation, which causes oxidative stress (29) . To recapitulate these conditions in vitro, ARVMs were exposed to hypoxia in a glucose-free medium followed by reoxygenation (H/R). Both AKIP1 and AIF colocalized on H/R in ARVMs (Fig. 5F ). This colocalization was more intense in IFM, which was shown by the merge with the IFM marker mitofilin (30) (Fig. 5G ), confirming our fractionation and immunoblot data.
AKIP1 Overexpression Increases Mitochondrial-Localized AKIP1, Adapts
Mitochondria to Stress, and Enhances Mitochondrial PKA Activity. Because mitochondria are the end effectors of protection, we carefully determined the impact of AKIP1 on mitochondrial integrity. Mouse hearts gene-transferred with the Ad-AKIP1 and Ad-Empty were subjected ex vivo to 25-min ischemia followed by 5-min reperfusion, after which crude mitochondrial fractions were prepared for functional analysis. There was increased expression of AKIP1 in mitochondria after gene transfer (Fig. 6A) . A key feature of mitochondria in the setting of I/R injury is generation of ROS (31, 32) leading to reperfusion injury. Electron paramagnetic resonance (EPR) showed decreased ROS generation in mitochondria, indicating more tightly coupled respiration from AKIP1-overexpressing hearts under both states 3 and 4 respiration with complex I substrates (Fig. 6B) . Mitochondrial swelling, indicative of mitochondrial permeability transition pore opening, was decreased in AKIP1 gene-transferred hearts (Fig. 6C) as was the release of cytochrome C from mitochondria to the cytosolic fraction (Fig. 6D) . PKA signaling has been shown to affect mitochondrial redox state through ROS production (33) . Because PKAc and AKIP1 interact, this protein complex may also influence PKAc substrates, possibly in the mitochondria. Therefore, mitochondrial fractions from AKIP1 gene-transferred hearts showed two distinct phosphorylated proteins of 20 and 60 kDa (Fig. 6E) . MS identified the 60-kDa protein as ATP synthase α-subunit, whereas the 20-kDa band could not be identified because of the low abundance. Scansite (http://scansite3.mit.edu) analysis of ATP synthase α-subunit sequence identified a putative PKA phosphorylation site (Fig. S3) . Identification of the site(s) of phosphorylation and significance is currently under investigation. Ischemic stress not only increased AKIP1 levels in vivo, but also, there was increased expression of ATP synthase-α (Fig. 6F) . As anticipated, PKAc levels did not change, and Hsp-90 was used as a loading control. This increase was confirmed by colocalization of PKA and ATP synthase-α with AKIP1 under stimulated ischemia ( Fig. 6 G and H) . Collectively, these data suggest that AKIP1 could modulate mitochondrial dynamics and function under oxidant stress, leading to protection. List of peptides from AIF identified by MS. The band from GST-AKIP1 pull down was excised from the gel and in situ-digested, and the peptides were extracted. The resulting peptides were analyzed by nanoliquid chromatography tandem MS. Log (e), log (expectation value for the peptide match); Δm, difference (error) between the experimental and calculated masses; sequence, identified peptide sequence; z, charge state.
Discussion
Preconditioning is one of the most effective interventions to protect the heart from myocardial infarction (1, 34) . However, clinical translation of this phenomenon has been limited. There are few reports about the induction of early-response genes during ischemic injury and reperfusion-induced oxidant stress (35) (36) (37) . This study shows up-regulation of one such protein, AKIP1. We show increased levels of AKIP1 both in vitro and in vivo under short durations of ischemia and reperfusion (Figs. 1 and 5) . We also show that overexpression of this protein was protective to the heart against I/R injury (Fig. 2) . Exercise has been shown to mimic ischemic preconditioning and also lead to cardiac protection (38) . Gene expression profiles of rat left ventricles after mild exercise showed elevated mRNA levels of cAMP response element binding protein (plausibly PKA-regulated), AKIP1, and HIF1α (39) . Such findings are consistent with our observations and suggest that overexpression of AKIP1 may be a therapeutic approach for limiting cardiac injury.
There was an increased level of HIF1α with 30-min hypoxia followed by 2-h reperfusion concomitant with increased AKIP1 levels (Fig. 1) . How does this early induction occur? Previously, we had shown, in most cell lines, that there is mRNA expression of AKIP1 (13) . However, we were never able to detect protein expression, and this problem could be addressed through several mechanisms. One explanation could be that AKIP1 is rapidly regulated by microRNAs (Fig. S4) or through proteolytic degradation by specific interaction of AKIP1 with AIF or phosphorylation by PKA. These specific pathways will be discussed in future studies.
Gao et al. (40) in 2010 proposed that the levels of AKIP1 determined the cell fate. There are very few reports that comment on the function of AKIP1/BCA3. We believe that this protein has two distinct and crucial roles. The first role, as was previously published (16, 20) , is at the nucleus, where it interacts and enhances the role of PKA/NF-κB/SIRT1, and the second role is at the mitochondria. A key feature of cardiac protection is regulation of mitochondria under ischemic stress (41, 42). Mitochondria are a major source of energy in the heart, but cardiac myocyte survival is also dependent on mitochondrial function and dynamics, particularly during an ischemic event. Our data suggest that it is not just the level of AKIP1 per se that was important for cell survival but also, its mitochondrial localization. In the heart, we show the presence of endogenous AKIP1 at the mitochondria (Fig. 3) , and this localization is impacted by stress. A single report shows that the overexpression of both AKIP1 and p73 resulted in an association at the mitochondria, leading to cell death (43) . Our data show an enhanced survival potential for AKIP1 in mitochondria; however, there could be several factors that influence the downstream effects of AKIP1 on cell death and survival, including (but not limited to) isoform specificity, interaction with other proteins, transformed cell types used, and the extent of stress applied to the system. We found that overexpression of AKIP1 isoforms, like the endogenous protein, showed both nuclear and membrane/mitochondrial localization (Fig. S5) , suggesting that there may be a nuclear-mitochondrial cross-talk leading to protection in certain systems. AKIP1 is not only localized to the mitochondria, but through MS, we found that it interacts with AIF (Fig. 3) . AIF is a multifunctional protein that has diverse functions in both the mitochondria and the nucleus. In the mitochondria, AIF is thought to stabilize complex I and required for cell survival, proliferation, and mitochondrial integrity (44) . AIF was discovered as a caspase-independent death effector that is released from the mitochondria and translocates to the nucleus to cause chromatin condensation and DNA fragmentation (45) . However, the specific pathway that causes the release of AIF from the mitochondria is not well-known, and in the heart, it may depend on the nature of the ischemic insult (46, 47) . Because AKIP1 interacts with AIF, it may be important in sequestering AIF to the mitochondria and preventing cell death under low genotoxic stress by modulating mitochondrial membrane integrity. To support this hypothesis, our studies show decreased calcium swelling and cytochrome C release in mitochondria overexpressing AKIP1 (Fig. 6) .
Damage to the mitochondria generates increased amounts of ROS and produces less ATP-triggering apoptosis (18) . Aberrant PKA signaling has been implicated in the production of oxidant stress, and previous studies from others and our laboratory have shown that PKA substrates, such as Drp-1 and ChChD3, were important in the maintenance of mitochondrial integrity (48, 49) . Mitochondria isolated from Ad-AKIP1 gene-transferred hearts showed less ROS production (Fig. 6 ). Through changes in PKA signaling, we identified ATP synthase-α as a potential PKA phosphorylation target up-regulated in mitochondria from AKIP1 genetransferred hearts (Fig. 6) . Although ATP synthase-α has not been shown to be a substrate of PKA, it has been shown to bind to the 3′ UTR of dual specific A kinase anchoring protein-1 and regulate it (50) . Furthermore, we show that ischemic stress that led to increased endogenous expression of AKIP1 also led to increased ATP synthase-α (Fig. 6) . We postulate that, under physiological conditions, AKIP1 interaction with AIF and PKA could enhance the phosphorylation of ATP synthase-α. This phosphorylation could preclude the loss of membrane potential that is known to increase ROS production (51), thereby preventing the rupture of the mitochondrial membrane. In support of this hypothesis, a report has shown that down-regulation of ATP synthase-α caused the translocation of AIF into the nucleus on oxidant stress (28) .
Mitochondrial subpopulation differences in the heart play an essential role in cardiovascular biology. Our data indicate that, although AKIP1 is associated with both SSM and IFM, it is more abundant in the IFM (Fig. 5) . Previous studies have shown that, in aged mice, the levels of IFM go down because of ROS-induced Anti-GRP75 Fig. 5 . I/R injury increases AKIP1 levels in interfibrillary mitochondria. (A) Hearts from control mice or mice subjected to 30-min ischemia/2-h reperfusion in vivo were analyzed for AKIP1 expression. AKIP1expression was increased with ischemic stress. Histone was used as a loading control. (B) Normal and ischemic mouse hearts were subfractionated, and AKIP1 showed enrichment in the membrane and nuclear fraction on ischemic stress. (C) Mitochondria were fractionated into SSM and IFM mitochondria, and their mitochondrial function was assessed in at least four independent experiments. As reported, IFM showed higher mitochondrial respiratory function under states 4 and 3 respiration, and complex IV activity was enhanced. Standard error of mean is indicated by an asterisk. (D) AKIP1 expression was present in both the subfractions with slightly higher levels in IFM as normalized against the mitochondrial matrix protein GRP-75. AIF was present in both the fractions (E). (F and G) AKIP1 colocalized with both AIF (F) and mitofilin (G; marker for IFM). (Scale bars: 10 μM.) damage to the mitochondria (27) . Aged hearts are also more sensitive to ischemic stress (52) . We predict that AKIP1 targeted to the mitochondria could be protective during aging and other cardiovascular diseases that lead to compromised mitochondrial function, because it would localize to and preserve function of IFM.
In conclusion, this study provides evidence for cardiac protection on acute stress through the induction of AKIP1. Our data identify AKIP1 as an essential and key molecular regulator/ scaffold of heart function with several important translational implications. First, it provides us with a unique molecular target for acute cardiovascular stress. Second, because this protein has been implicated in breast and prostate cancer, it might have more general epidemiological implications in other systems and diseases. Third, the localization of and functional changes afforded to mitochondria by AKIP1 may serve as means to regulate energy and metabolism in a variety of disease settings.
Materials and Methods
Animal Care. Animals were treated according to the Guide for the Care and Use of Laboratory Animals (25) . Animal protocols were approved by the Department of Veterans Affairs, San Diego Healthcare System, Institutional Animal Care and Use Committee. C57BL/6 male mice (8-10 wk and 24-26 g weight) were purchased from Jackson Laboratory and kept on a 12-h light/ dark cycle in a temperature-controlled facility until the day of the experiment and had ad libitum access to food and water.
Langendorff-Perfused Hearts. Eight-week-old male mice (n = 8-9 for each group) were subjected to indirect intracoronary gene transfer (53) of the Ad-AKIP1 and Ad-GFP (1 × 10 9 viral particles), and the animals were allowed to recover for 7 d. After 7 d, hearts were excised and perfused on a Langendorff apparatus as previously described (54) . After 15-min stabilization, hearts underwent 25 min of global, no-flow ischemia followed by 45 min of reperfusion. Cardiac parameters (developed pressure, ± dP/dt, end diastolic pressure, etc.) were continuously monitored. Additionally, perfusates were collected throughout for the measurement of LDH.
In Vivo I/R. Animals were randomly assigned to two groups as follows: sham and those mice that underwent in vivo I/R injury. Surgery was performed as previously described (55) . Mice were anesthetized with pentobarbital sodium (80 mg/kg) and mechanically ventilated. Ischemia was produced by occluding the left coronary artery with a 7-0 silk suture on a tapered BV-1 needle (Ethicon) for 30 min. A small piece of polyethylene tubing was used to secure the silk ligature without damaging the artery. After 30 min of occlusion, the ligature was released, and the heart was reperfused for 2 h. Reperfusion was confirmed by observing return of blood flow in the epicardial coronary arteries.
Preparation of ARVMs and Addition of the Adenoviral Vectors. ARVMs were isolated from adult Sprague-Dawley rats (250-300 g, male) as described in detail previously (56) . Myocytes were plated in heart media plus 4% FBS on laminin (2 μg/cm 2 ) -coated plates for 1 h. Plating media was changed to heart media supplemented with 1% BSA to remove all nonmyocytes, and ARVMs were placed in an incubator set at 37°C and 5% CO 2 after 2 h, adenovirus (Ad-AKIP1a and Ad-GFP) was added at 10 8 viral particles/mL, and the cells were allowed to recover for an additional 24 h. The cells were then collected in 10 mM Hepes, 60 mM KCl, 1 mM EDTA, and 0.5% Nonidet P-40 and sonicated using Misonix ultrasonic prossess (Qsonica). Protein concentrations were determined to get equal loads. Antitubulin, anti-β-actin, and Hsp-90 were used as loading controls. The NRVMs used in this study were a gift from Joan Heller Brown's laboratory (University of California at San Diego, La Jolla, CA).
Oxidative Stress Induction on Rat Adult Cardiomyocytes. Briefly, the isolated ARVMs were plated on 3-cm tissue culture dishes for Western blot analysis or glass coverslips (Fisher Scientific) precoated with laminin for imaging. These dishes and coverslips were placed in the CO 2 incubator for 24 h. Hypoxia was induced in isobaric Plexiglas chambers, where cells were exposed to 15 and 30 min 95%N 2 /5%CO 2 gas flow. To induce oxidative stress after hypoxia, cells were returned to original conditions for an additional 1-2 h. Control cells were maintained under normoxic atmosphere. The cells on the 3-cm dishes were collected in 10 mM Hepes, 60 mM KCl, 1 mM EDTA, and 0.5% Nonidet P-40 and analyzed by Western blot. For the NRVM experiments, the cells were obtained in 6-cm cell culture plates, and they were treated with 100 μM H 2 O 2 for the various times indicated. The cells were harvested and processed as indicated for ARVMs. The laminin-coated coverslips were either treated with 100 μM H 2 O 2 or processed in hypoxic and H/R in a manner similar to the 6-cm dishes.
Mass Spectrometric Analysis. Bands were excised from SDS/PAGE gels and washed three times in 50% acetonitrile/10 mM NH 4 HCO 3 followed by a brief dehydration in 100% acetonitrile. Proteins were incubated overnight in 50% acetonitrile/10 mM NH 4 HCO 3 with 0.05 μg trypsin (Roche). Isolated peptides were washed and concentrated in C 18 ZipTips (Millipore) according to the manufacturer's protocol. Samples were directly eluted onto a 100-spot platform using a buffer containing 4-α hydroxy cinnamic acid (Agilent), 50% acetonitrile, 10 mM diammonium citrate, and 0.1% trifluoroacetic acid. MALDI-TOF and subsequent MS/MS analysis of specific peptides were performed on an Applied Biosystems Q-Star XL hybrid mass spectrometer. MALDI-TOF fingerprint data were analyzed with the online database at Rockefeller University (http://prowl.rockefeller.edu), and MS/MS data were analyzed with the Mascot online database (http://www.matrixscience.com).
Immunofluorescence. The cells after the appropriate experiments were fixed with 4% paraformaldehyde (Electron Microscopy Sciences) for 15 min at room temperature. All solutions used during the immunostaining were prepared in 1× Dulbecco's PBS (Mediatech), and the immunostaining was performed and imaged as described previously. The following antibodies were used at 1:100 dilutions: anti-AIF (Cell Signaling), anti-AKIP1, which was raised in the rabbit in-house by Bethyl, Cy5-labeled donkey anti-rabbit IgG antibodies (Jackson ImmunoResearch Laboratories), and DyLight 649 (Jackson ImmunoResearch Laboratories). The cells were viewed with an Olympus FluoView1000 confocal laser scanning microscope equipped with an Olympus oil immersion 60× objective, N.A. 1.42. The collected confocal images were processed with Image J (57) to generate maximum intensity projection images (z = 30-40 slices; z step = 0.3 μm) and Adobe Photoshop to generate composite pictures. Colocalization analysis was performed using Co-Loc2 of the Fiji plug-in (58) . To reduce the effects of background, noise, and cross-talk, only images that had Mander's coefficients, M1 and M2 > 0.5, were considered (59).
Isolation of Mouse Heart Mitochondria. Mice (n = 4) were killed, and hearts were removed. Ventricles were placed in ice-cold mitochondrial isolation medium (MIM; 0.3 M sucrose, 10 mM Hepes, 250 μM EDTA), minced, and homogenized with a Tissuemiser (Fisher Scientific). Homogenates were rinsed in MIM. Samples were centrifuged at 600 × g to clear nuclear/ membrane debris. The resulting supernatant was spun at 8,000 × g for 15 min. The resulting pellet was resuspended in MIM in the presence of 1 mM BSA followed by another 8,000 × g spin for 15 min. The resulting pellet was resuspended in isolation buffer with BSA and spun again at 8,000 × g. To isolate pure mitochondria, the washing steps were repeated with MIM in a final 2-mL resuspension of the pellet in mitochondrial resuspension buffer (MRB; 500 mM EDTA, 250 mM mannitol, 5 mM Hepes). The mitochondria were layered on top of a 30% Percoll/70% MRB solution. The Percoll gradient was spun at 95,000 × g for 30 min. The mitochondrial band was removed from the gradient, and volume was increased 10-fold with MRB to remove the Percoll by centrifugation at 8,000 × g for 15 min. The mitochondrial pellet was resuspended in MRB and subjected to additional analysis.
Calcium Swelling. Calcium swelling was measured on an Infinite M200 plate reader at 540 nm over a span of 20 min. Crude mitochondria (0.5 μg/μL) in the absence of calcium were loaded onto a clear, flat-bottom 96-well plate and challenged with 250 mM calcium, with OD measured every 10 s. Change at 540 nm was compared between samples.
EPR Superoxide Measurement. For EPR studies, immediately after mixing mitochondria (0.1-0.2 mg protein) with 70 mM 5-(diisopropoxyphosphoryl)-5-ethyl-1-pyrroline-N-oxide and appropriate combinations of the substrates, the mixture was loaded into 500 glass capillary tubes and introduced into the EPR cavity of a MiniScope MS300 benchtop spectrometer (Magnettech GmbH). We confirmed that the detected EPR signals are substrate-specific and not caused by redox cycling in the studied mixtures by lack of signals when 5-(diisopropoxyphosphoryl)-5-ethyl-1-pyrroline-N-oxide was mixed with combinations of substrates and inhibitors in the absence of mitochondria. Assignment of the observed signals from mitochondria was confirmed through computer-assisted spectral simulation using the WinSim software. Signals were quantified by measuring the peak amplitudes of the observed spectra and normalized by mitochondrial protein concentrations.
Isolation of SSM and IFM from Mouse Heart. Methodology for mitochondrial subpopulation fractionation was adapted from Palmer et al. (60) . Briefly, heart ventricular tissue from WT C57BL/6 mice (n = 4 for each group) was excised and homogenized in Chappell-Perry (CP) buffer (100 mM KCl, 50 mM Mops, pH 7.4, 5 mM MgSO 4 *7H 2 O, 1 mM EGTA, 1 mM ATP) supplemented with Protease Inhibitor (Roche). Homogenates was centrifuged at 500 × g for 10 min, and the resultant supernatant was further centrifuged at 8,000 × g for 10 min to yield the crude SSM pellet. For IFM, the pellet was resuspended in CP buffer supplemented with bovine trypsin (final concentration of 0.75 mg/mL) and then allowed to digest on ice for 15 min with frequent agitation. Digests were quenched CP buffer containing 0.2% BSA. Crude IFM pellets were isolated by a 500 × g spin to eliminate nuclear/myofibril contaminants followed by an 8,000 × g spin of the resulting supernatant. Crude SSM and IFM pellets were each suspended in 2 mL CP1 buffer without MgSO 4 *7H 2 O and ATP and centrifuged again at 8,000 × g to yield isolated SSM and IFM fractions. Protein concentrations from each fraction were determined and then either used immediately for functional analysis (Oxygraph, EPR, etc.) or treated with lysis buffer for Western blotting.
Mitochondrial Respiration. Mitochondrial respiratory function was studied according to published protocols (26) . Oxygen consumption was measured using a Clark-type oxygen electrode (Oxygraph; Hansatech) during the sequential additions of substrates and inhibitors to purified mitochondria. Purified mitochondria (100-200 μg protein) were added to the oxymetry chamber in a 300-mL solution containing 100 mM KCl, 75 mM mannitol, 25 mM sucrose, 5 mM H3PO4, 0.05 mM EDTA, and 10 mM Tris·HCl, pH 7.2, at 37°C. After 2 min of equilibration, 5 mM pyruvate and 5 mM malate were added, and oxygen consumption was followed for 1-2 min (state 4). ADP (250 μM) was added to measure state 3 (phosphorylating) respiration. To switch from NAD-to FAD-linked respiration, we first eliminated complex I through the inhibition of the back electron transfer using 0.5 mM rotenone and triggered complex II activity by the addition of 10 mM succinate. We inhibited complex III by the addition of 5 mM antimycin A. Complex IV activity was measured in the presence of 0.5 mM 2,2,4-trimethyl-1,3-pentanediol and 2 mM ascorbate. Oxygen use traces and rate determinations were obtained using Oxygraph software and normalized to protein.
Statistical Analysis. All data are presented as bar graphs and were analyzed using the GraphPad Prism 6 software (GraphPad Software, Inc.) as published previously (61) . The data are depicted as mean ± SEM, and in all cases, P < 0.05 was considered statistically significant. For single comparisons, an unpaired t test was used. For Langendorff-perfused heart analysis as well as calcium swelling, we used a two-way ANOVA.
